Purpose: To use a fast 3D rosette spectroscopic imaging acquisition to quantitatively evaluate how spectral quality influences detection of the endogenous variation of gray and white matter metabolite differences in controls, and demonstrate how rosette spectroscopic imaging can detect metabolic dysfunction in patients with neocortical abnormalities. Methods: Data were acquired on a 3T MR scanner and 32-channel head coil, with rosette spectroscopic imaging covering a 4-cm slab of fronto-parietal-temporal lobes. The influence of acquisition parameters and filtering on spectral quality and sensitivity to tissue composition was assessed by LCModel analysis, the Cramer-Rao lower bound, and the standard errors from regression analyses. The optimized protocol was used to generate normative white and gray matter regressions and evaluate three patients with neocortical abnormalities. Results: As a measure of the sensitivity to detect abnormalities, the standard errors of regression for Cr/NAA and Ch/NAA were significantly correlated with the Cramer-Rao lower bound values (R ¼ 0.89 and 0.92, respectively, both with P < 0.001). The rosette acquisition with a duration of 9.6 min, produces a mean Cramer-Rao lower bound (%) over the entire slab of 4.6 6 2.6 and 5.8 6 2.3 for NAA and Cr, respectively. This enables a Cr/NAA standard error of 0.08 (i.e., detection sensitivity of 25% for a 50/50 mixed gray and white matter voxel). In healthy controls, the regression of Cr/NAA versus fraction gray matter in the cingulate differs from frontal and parietal regions. Conclusions: Fast rosette spectroscopic imaging acquisitions with regression analyses are able to identify metabolic differences across 4-cm slabs of the brain centrally and over the cortical periphery with high efficiency, generating results that are consistent with clinical findings.
INTRODUCTION
Fast encoding methods using echo-planar, spiral, and rosette trajectories have made spectroscopic imaging clinically feasible, with acquisition of multiple brain slices within 5 to 15 min. As is well known, interleaving spectral and spatial domain information via gradient readouts can accelerate acquisition times by an order of magnitude or more compared with conventional acquisitions (1) (2) (3) (4) (5) (6) (7) (8) . However, decreased scan times and increased gradient amplitudes and slew rates can also reduce spectral quality (9) . Spectral quality is a complex parameter that integrates multiple factors including signal-to-noise ratio (SNR), resonance overlap, linewidth (LW), line shape distortions caused by eddy currents, and baseline artifacts, and is reflected in the Cramer-Rao lower bound (CRLB) of the fitted spectrum. As discussed in (10) (11) (12) (13) , the CRLB represents an estimate for the lowest standard deviation that the metabolite parameter can statistically have. However, although much work has been performed on the various methods of rapid spectroscopic imaging acquisition, there has been less experimental work evaluating the minimum acceptable mean CRLBs for detection of natural variation and pathology.
Because the concentrations of several key cerebral metabolites and their ratios are known to vary with gray matter content and regionally (13) (14) (15) (16) , the identification of metabolically abnormal voxels can be performed with confidence interval (CI) testing based on its tissue composition and regional classification (17, 18) . This CI or regression approach is an alternative to the morphometric approach that uses nonlinear coregistration of the subject's brain into a common brain space (19, 20) . As discussed for anatomic studies (21) , the morphometric approach provides voxel-to-voxel comparisons between balanced group sizes (control, patient); however, with unbalanced group (including single subject) comparisons, this approach can generate increased false positive errors (21) . Improved voxel resolution (now available in large-volume spectroscopic imaging of 1cc) can make fidelity to individual subject anatomy important, and thus make pertinent the statistical assessment of each voxel without requiring coregistration into a common brain space. In this report, we examine how spectral quality affects the sensitivity for detection of gray-white tissue differences by the regression approach. This is done using a rosette spectroscopic imaging (RSI) acquisition, which is advantageous because of its high SNR sensitivity, flexibility in k-space trajectory design, and reduced gradient demands (7, 8) . Use of a global inversion recovery to reduce extracerebral lipid contamination enables this acquisition to include coverage of the cortical periphery. The purpose of this study was to (i) evaluate how variable spectral quality (as generated by the fast RSI) influences the detection of the endogenous variation of gray and white matter metabolism in controls, and (ii) demonstrate its use in the detection of metabolic dysfunction in patients with neocortical abnormalities.
The 3D RSI acquisition sequence will be made available through the C2P Siemens sharing mechanism; updates will be provided on Twitter @FastMrsi.
METHODS

Subjects
To assess the relationship among spectral quality, CRLB, and the standard error (SE) of the regressions, four healthy subjects were studied using RSI acquisitions of three different durations (9.6, 6 .0, and 4.8 min) with two shim strategies (whole brain and slab shimming), thus providing a range in SNR and LW. Separately, n ¼ 8 healthy volunteers (4 females; mean age 44.1 6 4.8 years; age range 30-48) with no known history of brain disease were studied to establish the control data. In this work, the data from three patients with neocortical metabolic abnormalities are shown. This prospective study was approved by the institutional review board, and written informed consent was obtained from all subjects.
Pulse Sequence and Data Acquisition
Data were collected on a Siemens (Erlangen, Germany) 3T Trio system with a 32-channel head coil. The pulse sequence ( Fig. 1 ) uses a 40-mm slab-selective excitation pulse and a numerically optimized semiselective frequency refocusing pulse for water suppression. Additional water suppression is provided by a narrow band adiabatic inversion pulse and delay. A nonselective adiabatic inversion pulse with optimized inversion-recovery time is used for lipid suppression. Lipid/water inversion delay and repetition time (TR) were 240/950/2000 ms. Although the sequence enables short echo times (TE min ¼ 18.2 ms), a moderate TE of 40 ms was chosen to reduce macromolecular contributions to the baseline and reduce spectral overlap with amino acids. The spectroscopic image was generated using in-plane rosette encoding (two spatial, one spectral dimension) (7, 8) and conventional phase encoding in the slab direction. The spectral bandwidth was 1250 Hz, the readout time was 320 ms, and the sampling dwell time was 10 ms.
To vary the SNR, three RSI trajectories were acquired, with equivalent fields of view (20 Â 20 Â 4.8 cm rightleft, anterior-posterior, foot-head) and spatial resolution (20 Â 20 Â 12) , for acquisitions of 9.6, 6.0 and 4.8 min. The nominal resolution was 0.4 cc, and the effective voxel size was 1.25 cc (8, 22) . For the 9.6-, 6.0-, and 4.8-min acquisitions, the rosette trajectory used maximum gradient strengths G max ¼ 4.6, 8.5, and 9.8 mT/m and slew rates S max ¼ 36, 80, and 100 mT/m/ms, respectively (Fig. 1) . A water reference scan for phase correction and coil recombination was collected for each subject using the same rosette trajectory as for the metabolite acquisition, but without the water and lipid inversion pulses (TR ¼ 0.39 s and flip angle ¼ 15 ). A 2D gradient-echo scan with 16 slices (3-mm thick and no gap, 128 Â 128 matrix, and same angulation and coverage/field of view as RSI) was also acquired for each subject.
To modulate the apparent LW, B 0 shimming was performed either over the whole brain (extending from the most inferior extent of the temporal lobe to the vertex) or a 5.1-cm slab covering the 4.8-cm RSI slab. A noniterative least-squares B 0 mapping algorithm (Bolero, B 0 loop-encoded readout) (23) with a five-point B 0 map was used. The standard deviation of the B 0 field over the 5.1-cm slab ðsB Global 0 Þ decreased from 9.6 6 0.6 Hz to 6.5 6 0.8 Hz when using the targeted shim in place of the whole brain shim.
Image and Spectral Processing
For anatomical reference and segmentation, a 1-mm isotropic T 1 -weighted MP2RAGE (24) scan was collected for each subject. The MP2RAGE was segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF), and further parcellated using Freesurfer (http:// surfer.nmr.mgh.harvard.edu/) and coregistered with SPM (http://www.fil.ion.ucl.ac.uk/spm/) to the 2D gradientecho scan that covered the same space as the RSI scan. The GM, WM, and CSF content of each RSI voxel was calculated by convolving the high-resolution segmented and parcellated maps with the point spread function of the RSI acquisition and profile of the slab-selective excitation pulse. To enable consideration of regional differences, the parcellated chemical shift imaging (CSI) voxels were classified as frontal, parietal, cingulate, thalamic, basal ganglia, or temporal. Given that the CSI voxel size is much larger than the pixel size of the Freesurfer parcellated MP2RAGE image, and can include contributions from more than one parcel type, this classification was based on the majority fraction GM composition calculated from the MP2RAGE structural pixels (for example, for a CSI voxel, if the frontal GM/sum (all GM contributions) is greater than 50%, then the CSI voxel is classified as frontal).
The metabolite (water-suppressed) and water-reference sets were processed simultaneously off-line with the same reconstruction parameters. As discussed previously, because useful spatial and spectral information is contained within the full signal bandwidth of FBW ¼ g ÁG max Á FOV þ SW (7,8) (40.4, 73.6, and 84.7 kHz for the 9.6-, 6.0-, and 4.8-min acquisitions, respectively), to remove noise introduced by the dt ¼ 10 ms sampling rate (which corresponds to a BW of 100 kHz), the timedomain free induction decay data are Fouriertransformed, a rectangular filter of full bandwidth is applied, followed by an inverse transform back to the time domain. Typical of large-volume spectroscopic imaging studies that evaluate the entire intracranial slice(s), multiple avenues are needed for lipid and macromolecule suppression, such as k-space extrapolation and lipid regularization (4, 16, 19, 20) . In this study, we used a 50-Hz convolution difference for this purpose. A 2-Hz line-broadening time-domain Gaussian filter, a 2D (kx, ky) Hamming, and a 1D Hamming filter in the kzdirection are also applied. The remainder of the processing is as previously described with a Kaiser-Bessel kernel width of W ¼ 4 (7, 8, 25) , producing after channel recombination a reconstructed matrix of 32 Â 32 Â 16 Â 512 (x, y, z, frequency). For each spatial location and channel, the zero-order phase and integral of the water peak were calculated using the water-reference set and used for combining the channels of the water-suppressed RSI data set. The spectral data from the central 12 slices (avoiding chemical shift dispersion artifacts in outer slices) was automatically analyzed with LCModel (11) (http://www.s-provencher.com/pages/lcmodel.shtml), which used 12 GAMMA-simulated metabolite functions (26) and default macromolecule components. To provide variance estimates for a given metabolite ratio, a combined CRLB est_ratio was calculated assuming wellresolved spectra without covariance interaction, as follows:
where c i and a i are the CRLB and the amplitude for metabolite i, respectively (27) . It should be noted that there are common assumptions implicit with the definition of a variance of a ratio, including that the mean denominator parameter cannot be zero, and that there is a relationship between the two parameters-both of which are true in healthy controls and in most patient volunteers.
FIG. 1. Pulse sequence (A) and rosette trajectory (B).
A: Slab-selective moderate spin echo (TE ¼ 40 ms) sequence using optimized semiselective refocusing pulse supplemented with narrow band adiabatic inversion pulse to suppress water. Lipid suppression is performed using a global inversion recovery with broadband adiabatic pulse. B: Corresponding to the 9.6-, 6.0-, and 4.8-min acquisitions (a-c) are the spatially interleaved rosette (kx, ky) trajectories using N shots ¼ 24, 15, and 12. For uniform k-space coverage, each shot is rotated by 2p/N shots . Trajectory twist is v 2 /v 1 ¼ 1.00/1.85/2.13 (a-c), with each shot traversing the "outgoing" part (k ¼ 0 to k max , shown in blue) during 400 ms (half of spectral dwell time), spDT (spDT ¼ 1/spectral bandwidth), and the "incoming" part in another 400 ms (k max to k ¼ 0, shown in red).
Regression Analyses and Spectral Filtering
Linear regression analyses were performed to determine the slope, intercept, and standard error for Cr/NAA and Ch/NAA as a function of gray matter content: fGM ¼ GM/ (GM þ WM). The ratio relative to NAA is used, given that most reports find that NAA is a more stable parameter between white and gray matter than either Cr (higher in normal gray matter) or Ch (higher in normal white matter, depending on the brain region) (28) (29) (30) and, in normal brain, the SNR for NAA is relatively higher, providing for a more reliable denominator. As a secondary analysis and to allow for possible regional (i.e., parcel) differences, regressions were individually calculated (e.g., over frontal and parietal regions). It should be noted that from the Freesurfer-based parcellation, that if there is no dominant gray matter component (each parcel type contributed less than 50% gray matter), the classification of that pixel is left as generic gray matter and excluded from the parcel-based regressions but included in the total gray matter regression.
To minimize the effects of zero-filling and point spread function overlap, every other pixel in all three directions (1/8 of all available pixels) were included in the regressions. To evaluate the effects of SNR and LW, regression analyses were performed using data from six acquisition strategies (3 durations Â 2 shim methods) in four subjects. Pixels with greater than 40% tissue fraction (i.e., GM þ WM; CSF excluded) are initially included. Adding in the requirement that CRLB be less than 20% (for all singlet metabolites) resulted in exclusion of 3.6 6 2.8% of all voxels with more than 40% tissue fraction, such that the two exclusion criteria for these acquisition conditions resulted in similar rates of voxel retention.
For the patient data, statistically significant increases in Ch/NAA and Cr/NAA were identified using the CI of the regression from the healthy controls. The CI of the regression enables the statistical assessment of an additional data point with significance t a , as follows:
where y^is the predicted value for Cr/NAA or Ch/NAA, x is the gray matter content, x is the mean gray matter content, t(a/2,n-2) is the t-statistic, n is the number of measures, S xx ¼ P ðx À xÞ 2 , and MS e ¼ P ðy À y^Þ 2 =ðn À 2Þ:
For t (a¼0.05,n>100) , CI Àŷ ¼ 61:96 ffiffiffiffiffiffiffiffiffi ffi MS e p (i.e., approximately four times the size of the standard error of the regression SE ¼ ffiffiffiffiffiffiffiffiffi ffi MS e p ). The test for significance for patient data is done in each voxel: The measured metabolite ratio is compared with the controlŷ value corresponding to a fGM ¼ x gray matter content for that voxel. If the difference between the measured ratio andŷ is 1.96*SE or greater, the abnormality is significant at the P ¼ 0.05 level. Figure 2 presents the data from a control subject, showing the greater SNR in the 9.6-min compared with the 4.8-min acquisition (over the group considering all voxels with greater than 40% tissue fraction, SNR increased by 32 6 6%). From the group of n ¼ 4 volunteers, Table 1 summarizes the fractional variation in the frontal lobe SNR and LW from the 4.8-, 6.0-, and 9.6-min slab shimmed and 9.6-min whole-brain shimmed acquisitions (data filtered on 40% tissue fraction inclusion criterion and 20% CRLB). A 40% tissue fraction criterion is used to enable inclusion of pixels with lower brain-tissue content, which is of significant interest for pathologies with neocortical and or periventricular involvement. The expected differences in SNR and LW are identified (i.e., the average LW decreases by 12% when slab shimming is used as opposed to whole brain shimming). Similarly, the SNR increases by 15 to 18% and 30 to 40% as the scan time is increased from 4.8 to 6.0 and to 9.6 min, respectively, in agreement with the theoretical prediction of 26 and 41% based on acquisition duration. There is also a small but statistically significant decrease in LW (6%) in the 9.6-min acquisitions in comparison to the 4.8-min scan, which likely results from greater residual eddy currents in the 4.8-min acquisitions, in which the Gmax and Smax are a factor of 2 and 3 higher, respectively, in comparison to the 9.6-min scan.
RESULTS
Signal-to-Noise Ratio and LW
To evaluate the extent to which the decreased SNR and increased LW affects the accuracy of quantitative analyses, we evaluated the measured CRLBs as a function of the measured LW and SNR. As derived by Cavassila (10), the CRLB is a function of SNR and LW and for well-isolated singlet resonances, as follows: 
where s refers to noise. Figure 3 displays a plot of the mean CRLB for NAA, Cr, and Ch over all voxels for a given acquisition condition and subject as a function of the mean SNR (
, showing a highly statistically significant correlation R ¼ 0.95 (P < 0.0001, slope 0.082 6 0.003). The mean Ch CRLB (%) values for the 9.6-min acquisitions in the frontal parcel (5.8 6 0.2) are similar to those reported by Sabati (4) for a 1.5-cc effective voxel size, across multiple vendors, of 4.9-6.2. Thus, at this spatial resolution, acquisition time and acquisition conditions, SNR, and LW are the dominant factors in determining the certainty of the spectral fits: With a 30% decline in SNR (reduced from a 9.6-to 4.8-min acquisition), the mean CRLB rises by 25 to 30%.
To evaluate the extent to which CRLB under these conditions affects the ability to detect differences in metabolite content, we carried out regression analyses of Cr/NAA and Ch/NAA versus fraction gray matter content for the different acquisition conditions. Displayed in Figures 4a to 4d are the regressions for 4.8-and 9.6-min slab shimmed acquisitions for Cr/NAA and Ch/NAA from a single subject, along with the 95% CIs from frontal and parietal parcels (calculated from Eq. [2] ). The 95% CIs for the 4.8-min acquisition are substantially increased in comparison with the 9.6-min acquisition. To examine how the CRLB influences the regression,. we calculated the SE of Cr/NAA and Ch/NAA with tissue gray matter from the multiple acquisition conditions. Figure 4e shows that for both parameters determined from the frontal lobe parcel, there is a highly significant correlation between the SE with the calculated CRLB est_ratio (see Eq. [1] ). For the Cr/NAA regression of SE versus CRLB est_ratio , R ¼ 0.89, P < 0.001, and slope ¼ 0.022. For the Ch/ NAA regression of SE versus CRLB est_ratio , R¼ 0.92, P < 0.001, and slope ¼ 0.027. Thus, at this spatial resolution and acquisition duration, CRLB is the limiting factor (i.e., the longer scans with higher SNRs have smaller CRLB est_ratio , enabling a smaller SE and greater sensitivity to gray-white matter differences). With the LCM analysis performed using a single LW for all resonances, if both metabolites of a ratio A/B are of similar SNR (i.e., similar multiplicity, amplitude, and coupling), Equations [1] and [3] imply that the CRLB est ratio is approximately Figure 4e shows that changes in SNR and therefore CRLB est ratio are reflected in the SE, with a 4.8-min acquisition having a SE that is approximately 40% larger than a 9.6-min acquisition.
Additional Spectral Filtering
A common method to improve spectral quality and CRLB values is to impose additional inclusion criteria, such as a threshold LW (4) for inclusion in analysis. In principle, this provides greater sensitivity for the detection of abnormalities. However, this clearly restricts the extent of brain sampled to only those regions with better spectral quality, while reducing the amount of brain actually evaluated. Table 2 summarizes the effect of decrementing the threshold LW used for inclusion on the fraction of retained voxels (%rv, calculated from 40% tissue fraction inclusion) and SE over the various SNR and LW acquisitions from the frontal lobe. To balance both effects on SE and retained voxel numbers, Table 2 also lists the ratio F i (100*SE i /rv) for a given LW threshold i. Over this range of LW thresholds from 18 to 9 Hz, there is a progressive decline in %rv. With a 12-Hz threshold for inclusion, there is a loss of approximately 20% of frontal lobe voxels; at 9 Hz there is a loss of about 50%, at which point all acquisitions become equal for %rv. With more aggressive thresholding for inclusion, the SE shows progressive decreases (improvement). Balancing the two effects, the ratio F i shows a relatively flat behavior over 18 to 12 Hz, but increases at 9 Hz, indicating that the improvement in SE is disproportionate to the loss in numbers of voxels. There are significant differences in the F i between the 4.8-and 9.6-min slab shimmed values at 18 and 12 Hz. The effect of B 0 shimming alone is seen in comparing the 9.6-min slab and 9.6-min whole brain shimmed studies. The 9.6-min slab shimmed acquisition using a 15-Hz threshold for inclusion gave the best %rv, similar to SE, and thus the smallest F i .
As a result, the application studies were performed using 9.6-min acquisitions with slab shimming, with more than 40% tissue fraction, less than 20% CRLB (NAA, Ch, and Cr), and less than 15-Hz LW as voxel inclusion criteria. It should be noted that other avenues of filtering can be used (e.g., based on residual baseline flatness); nonetheless, recognition of voxel loss and regression accuracy need to be included in the selection of such filters.
Regressions in Different Tissue Parcels
To establish control values, data from the n ¼ 8 healthy subjects were used. Table 3 lists the pooled mean and standard deviations of the calculated slopes and intercepts. The mean CRLB (%) values for NAA, Cr, and Ch were 4.6 6 2.5, 5.8 6 2.3, and 5.9 6 2.3, respectively. This analysis shows that the cingulate regression is significantly different (P < 0.05) from the frontal regression as well as regressions using all brain pixels.
Sensitivity to Pathology
To demonstrate the sensitivity of the 3D RSI and the effects of spectral quality to detect pathology, three patients with neocortical abnormalities are presented in Figures 5 to 7 . These analyses were performed using overall gray matter regressions based on the control data as defined (Table 3) , and show the consequence of variable filtering (tissue fraction or LW), or a larger or smaller SE of regression. Two values of SE are considered: the SE experimentally determined from the 9.6-min acquisition from the age-matched control group, and an SE determined from Figure 4e based on a lower SNR expected from a 4.8-min acquisition. For Cr/NAA, the SE is 0.08 and 0.11, respectively; for Ch/NAA, the SE is 0.14 and 0.18. Subject 1 is a 33-year-old female with a history of childhood epilepsy and meningitis; she was referred to assess whether the FLAIR abnormality in the left parietal lobe was caused by gliosis or potentially a low-grade glioma. The identification of significantly increased Cr/ NAA but normal Ch/NAA in this neocortical region ( Fig.  5 ; the Ch/NAA color statistical overlay is not shown, as P > 0.05 for all pixels) strongly supported gliosis as opposed to a low-grade tumor, which was consistent with clinical follow-up. As evaluated with varying levels of filtering, Figures 5a to 5d show that the extent of abnormality is most thoroughly identified with a standard error of the regression being 0.08 (measured from the 9.6-min acquisition) rather than 0.11 (measured from the 4.8-min acquisition). With a LW inclusion criteria of 15 Hz, more of the lesion is included in comparison to the 12-Hz filter (Fig. 5c) .
Subject 2 is a 42-year-old male with previous left parietal and temporal lobe surgeries; he was referred for recurrent seizures. In Figure 6 , the anatomical (MP2RAGE) pixels are not displayed if the spectroscopic pixel is excluded by the applied thresholds. The extensive regions of parietal abnormality (Cr/NAA) are consistent with his clinical history, and are most completely identified with the optimized spectral filtering parameters (SE ¼ 0.08, LW ¼ 15 Hz, in comparison to SE ¼ 0.11, LW ¼ 12 Hz) (Fig. 6a) . There are also substantial bifrontal Cr/NAA abnormalities that are less consistently assessed with the 12 versus 15 Hz LW filtering (Figs. 6b and 6d,  arrows) . Based on other clinical findings, this patient underwent additional surgery to resect the left medial temporal lobe. However, his seizures persisted very shortly after surgery, consistent with his clinical data, seizure behavior, and the widespread dysfunctional network identified in the magnetic resonance spectroscopy imaging (MRSI) data.
Subject 3 is a 46-year-old male with a history of a right parietal-occipital astrocytoma; he showed possible tumor progression and was referred to assess whether the interval change (seen in FLAIR and contrast enhancement in the slices shown) was caused by tumor progression or treatment effect (Fig. 7) . Consistent with subsequent positron emission tomography and biopsy data, the MRSI shows widespread abnormalities in Ch/NAA and Cr/ NAA (data not shown) with a central to neocortical gradient of abnormality. The increase in Ch/NAA in tumors is hypothesized, given this pathology's known increase in cellularity and membrane turnover (31) . Using a tissue fraction inclusion of 40%, 15-Hz LW filter and standard error of 0.14 (9.6-min acquisition) versus 0.18 (anticipated 4.8-min acquisition), the margins of the lesion are more definitively identified with the 0.14 standard error. As is common with tumor-based lesions, the anatomic tissue characterization can be substantially distorted: Based on the T 1 -weighted MP2RAGE, the Freesurfer tissue segmentation classified much of the central right parietal lobe as CSF. This missegmentation can be readily improved by including FLAIR signal contrast in the analysis; however, for this example we use the MP2RAGE data to show the tissue fraction threshold set at 40 and 10% with unchanged LW filtering at 15 Hz (Figs. 7a-7c) . Even with the minimal 10% tissue filtering, the spectral quality did not substantially deteriorate; however, Figures 7d and 7e demonstrate the loss of pixels when filtered at a total brain of 10 versus 65%. It is also clear that such missegmentation can cause problems for the gray-white matter regression. In such cases, the most expedient approach in the MRSI analysis of Ch/ NAA is to classify pathologic voxels as 100% white matter. Because this parameter typically increases in white matter and in pathology, the significance testing for such voxels would therefore be based on comparing its value with that encountered in the highest normal condition, and thus maintains the accuracy of the analysis albeit at a small drop in sensitivity. To be consistent with this approach, when assessing Cr/NAA, voxels of pathologic or undefined tissue type would be assigned a composition of 100% gray matter. Finally, it has been suggested that in many patients, the contralateral loci may serve as a "control" comparison. Although this may be feasible for a few subjects (e.g., Subject 1), it would be misleading for Subjects 2 and 3, as aggressive brain tumors or treatment effects commonly involve both sides of the brain; and in chronic epilepsy, the distribution of dysfunction can be bilateral.
DISCUSSION
Fast Spectroscopic Imaging With the Rosette Trajectory
In many diagnostic clinical applications, MRSI is performed as an additional imaging measure to resolve a spatially localized question for which anatomical imaging is not definitive. Thus, the need for whole brain spectroscopic imaging studies is variable, and commonly dependent on the disease pathology and patient. In many cases, the target regions are commonly known, either in advance or identifiable on anatomical images. There are several advantages for a study that evaluates only the clinically relevant regions. By reducing coverage in the head-foot direction, shorter minimum scan times can be used with smaller numbers of encoding steps for equivalent slice thickness, and B 0 homogeneity can be improved by reducing the target region of interest for shimming. Thus, for MRSI, to maximize spectral quality over the entire region of interest over a limited time, a limited coverage study is advantageous for 3D acquisitions in which a true multislice acquisition with dynamic shim updating (32) is not possible or sufficient. The rosette trajectories provide flexibility in achieving the desired spatial resolution and spectral bandwidth for an MRSI acquisition in a reduced scan duration, with decreased gradient demands and superior sensitivity (8) .
As is well known (28) , lipid suppression based on a global inversion-recovery pulse reduces the available metabolite SNR, calculated here (for TR/lipid inversion delay ¼ 2000/240 ms) to result in 53 to 61% of signal relative to a nonsuppressed acquisition for the typical T 1 range of values of 1.1 to 1.8 s (which include the white and gray matter metabolite T 1 s at 3 T) (33) . There are several ways to avoid use of the IR, such as through use of a spectral-spatial pulse designed to excite the target region of interest (34) , parallel transmission for targeted lipid suppression (35) , or acquisition of a high-resolution lipid mask for regularization of the lipid signal (36) .
Spectral Quality, CRLB, and SNR
For spectroscopic imaging studies with effective voxel sizes of approximately 1 cc or less, variations in voxel gray matter content can significantly alter metabolite levels and ratios. Thus, for regression-based analyses, the size of the standard error of the regression determines the ability to detect the differences between white and gray matter and to detect pathological changes. The present data show that (i) for resolutions of approximately 1 cc and 5-to 10-min acquisitions, the mean CRLB is linearly dependent on ffiffiffiffiffiffiffiffi LW p and the inverse of SNR, consistent with Equation [3] ; (ii) restricted target acquisition and shimming improves voxel loss caused by poor LW; and (iii) the CRLB est_ratio in the 4 to 7% range linearly correlates with the SE and CI. For Cr/NAA, a 9.6-min acquisition has a SE of 0.08, whereas the 4.8-min acquisition has a SE of 0.11; for the latter acquisition, the larger SE means that (for a 50/50 mixed graywhite matter voxel) a 40% larger change in Cr/NAA is required for detection of pathology.
The present data show that the sensitivity for detecting abnormalities, quantified by the SE parameter, is dependent on CRLB, and small differences in CRLB are important. Given the CRLB's dependence on SNR and LW, changes in acquisition settings such voxel size, acquisition time, and shimming will obviously affect the SE. The 9.6-min RSI acquisition with localized shimming typically achieved CRLB est_ratio of approximately 4.8%, producing a desirable standard error of 0.08, which is good for a sensitivity to 25% changes in the value of Cr/ NAA. For different sensitivity goals, Figures 3 and 4 can be used to estimate the needed mean CRLB (and SNR and LWs) to achieve a given standard error of regression. For example, for equivalent voxel size and LW, the slope
Data from an astrocytoma patient with recurrent tumor. For clarity, every other slice from the superior 2 cm is shown. There is widespread Ch/NAA and Cr/NAA (not shown) abnormality. a, b: Using a standard error of regression at 0.14 for Ch/NAA shows the more extensive abnormalities in comparison to a standard error of 0.18. c: Reducing the total brain filter criterion to 10% does not introduce erroneous voxels, while the lesion is more consistently detected. Based on the MP2RAGE image alone, there is missegmentation of the right central parietal tumor region as CSF; to include these areas in this MRSI analysis, the tissue classification of these tumor regions was assigned to 100% white matter. The severity of Ch/NAA abnormality in this region remains. d, e: Loss of pixels when filtered at a total brain of 10 versus 65%. f, g: Corresponding MP2RAGE structural underlays and FLAIR images. from Figure  4 (0.032 6 0.0035 for Cr/NAA, 0.035 6 0.0034 for Ch/NAA) indicates that a 1-unit increase in CRLB est ratio results in a 0.03 or 38% increase in SE. Although these findings have been established with the consistent voxel size of nominal voxel size of 0.4 cc, the extrapolation of this to other voxel sizes is applicable if the SNR efficiency per scan is maintained. However, it should be noted that with different voxel sizes, the variable dynamic range of fraction gray matter content (which influences regression accuracy) will likely change together with the regression statistics.
It should be recognized that under conditions with poor eddy current performance or motion caused by poor patient compliance, LCModel processing may be inadequate and the CRLB analysis can fail. This means that the rosette acquisition is particularly suited for spectroscopic imaging with its minimal gradient demands (9) . Furthermore, patient compliance may be better with the lower acoustic noise, which results from the rosette with its decreased acquisition gradients and slew rates, given that high gradient amplitudes and fast switching rates can generate potentially high levels of acoustic noise (37) . The significance seen in the relationships among SE, CRLB, and SNR (Figs. 3 and 4) is a strong argument for the adequacy of the applied LCModel in this acquisition.
The CRLB and resulting regression statistics can be improved partially through the use of additional voxel inclusion criteria, such as more restrictive tissue fraction (GM þ WM) and LW requirements. As shown in all of the patient examples, tissue fraction can be a significant factor that needs to be considered as a function of the study target. For LW criteria, we find that aggressive filtering of 9 Hz results in greater pixel loss without proportional improvement in SE. However, down to 12 Hz, the F ¼ 100*SE/rv is relatively flat (i.e., for a given acquisition duration, the SE improves with declining voxel numbers). In these studies in which accurate evaluation of the neocortical ribbon is important, we opt for high voxel retention, and thus use 15-Hz filtering that results in approximately 90% retention in the frontal lobe for pixels with greater than 40% tissue fraction. With voxel retention as a priority, it is clear that the overall spectral quality needs to be high, such that aggressive filtering is not needed to generate a small SE. Our patient examples (Figs. 5-7 ) demonstrate that the regression statistics (as determined from the 9.6-min acquisition with SE values of 0.08 and 0.14 Cr/NAA, Ch/NAA, respectively) are sensitive to the metabolic pathology in epilepsy and tumor patients.
Sensitivity to Tissue Differences and Pathology
Gray-white matter differences are a known source of natural variation that, through regression analyses, define a sensitivity target for the detection of metabolic abnormalities. This regression analysis approach allows each voxel to be statistically considered without requiring coregistration into a common brain space, which is important for disorders that have distorted anatomy or pathology. Although the accuracy of this approach requires accurate tissue segmentation, in cases of abnormal tissue segmentation (which is common in tumor pathologies) (Fig. 7) , a trade-off between sensitivity and accuracy of pathology can be achieved by appropriately assigning the tissue type. It should be noted that this paper does not explicitly compare the regression with the morphometric approach; for example, at its simplest (based solely on gray-white-CSF segmentation), this regression approach does not make use of neighborhood information and does not apply methods for multiple comparisons corrections (i.e., false discovery rate). However, given the observations that these metabolites vary depending on brain region as shown in Table 3 , with acceptable tissue parcellation data (recognizing that in cases of substantially distorted anatomy, parcellation will be inaccurate), the regression approach can incorporate neighborhood information. By using the appropriate regression parameters for a given voxel parcel (e.g., frontal, cingulate parcel), the CI accuracy for that voxel will improve. Because the parcellation data are ultimately returned into native space, the regression approach will still generally retain all individual anatomical detail. Finally, although the morphometric analysis enables the correction for multiple comparisons, this could be addressed in the present approach by setting the threshold P values more aggressively.
CONCLUSIONS
With the restricted brain coverage 9.6-min acquisition, the rosette spectroscopic imaging acquisition results in high consistency of voxel retention, given the relatively mild applied tissue fraction and LW filtering. This rapid acquisition is able to identify metabolic abnormalities across 4-cm slabs of the brain, both centrally and over the cortical periphery with high efficiency, providing results that are consistent with individual clinical details and outcomes. Not surprisingly, these data show that for accuracy in detection of pathology, the standard error of regression is dependent on the CRLB and spectral quality, which in turn, are well correlated with SNR.
